We study an extension of the standard anomaly/gauge mediation scenario where the messenger fields have direct interactions with an extra gauge singlet. This realizes a phenomenologically viable NMSSM-like scenario free of the µ-b µ problem. Current cosmological constraints imply a small size for the anomaly-mediation contributions, unless some source of R-parity violation is permitted. In the latter case the allowed regions in the parameter space can be substantially larger than in the corresponding gauge-mediation scenario.
Introduction
Theories with supersymmetry (SUSY) are one of the most appealing candidates for physics beyond the Standard Model (SM), providing an elegant solution to the hierarchy problem. Should SUSY be realized in nature, we expect to eventually find its tracks at the large hadron collider (LHC). In such a case new questions arise. In particular, we need to understand why SUSY is not preserved at low energies. As a bonus, one might expect that the knowledge of the SUSY breaking mechanism may also shed light over some of the known problems of supersymmetric extensions of the SM, like the µ or the flavor problems. For instance, explaining why µ -the Higgsino mass parameterhas to be of the right (electroweak) size implies that this must not be present in the exact supersymmetric limit, for it would be naturally of the order of the Planck or another large fundamental scale. Thus, µ must be generated upon SUSY breaking and its origin may be intimately related to the mechanism responsible of the breakdown.
A quick review of the standard SUSY breaking mechanisms would include, for instance, gravity mediation [1] , gauge mediation [2] or anomaly mediation [3, 4] of SUSY breaking. In gravity mediation SUSY breaking is communicated to the visible sector at tree level, by means of non-renormalizable interactions suppressed by the Planck scale, M P . In this kind of scenarios all soft parameters are generated at the same order,
with F the F-term vacuum expectation value (vev) of the hidden-sector chiral superfields, X, responsible of SUSY breaking.
Gravity mediated models address in an elegant way the µ problem [5] . This is generated at the same order than the other soft masses and, in particular, b µ ∼ µ 2 , with b µ the Higgs soft bilinear term in the scalar potential. This follows from the following interactions in the Kähler potential,
and from the fact that in gravity mediation both a and b can be naturally of order one. On the other hand, in general gravity mediation models come with the flavor problem. Indeed, the most general Kähler potential can include flavor-violating non-renormalizable interactions such as, for instance,
i ϕ j , which yield nonuniversal contributions to soft parameters, and in particular to the sfermion soft masses squared.
There is no such flavor problem in models with pure gauge mediation of SUSY breaking (GMSB). In this case SUSY breaking is communicated to the visible sector by the gauge interactions of a set of messenger fields. SUSY breaking in the hidden sector is parametrized by a spurion field with vev X = M + F θ 2 . This provides non-supersymmetric masses to the messenger fields, whose rôle is usually played by a given number of pairs (Φ,Φ) in the (5, 5) of SU (5) . Such choice guarantees that gauge unification is preserved. Contributions to the soft terms for the visible sector are induced at the loop level as follows:
In this case, however, the µ problem translates into a hierarchy problem. In this class of models it is not difficult to obtain µ of the right order. The problem comes from the fact that the same interactions generating µ also generate b µ at the same order in the loop expansion, in a way that
This is parametrically too large since, in order to push sparticle masses above current bounds, F/M must be ∼ 10 -100 TeV. This would require an unnatural fine tuning to explain electroweak symmetry breaking (EWSB).
Anomaly mediation is also free of the flavor problem and its contributions to soft terms are present in any supergravity (SUGRA) model. They have their origin in the superconformal anomaly and can be described by the vev of a chiral superfield φ, acting as a compensator of the super Weyl transformations [6] . Setting φ = 1 + F φ θ 2 , the gravitino mass, m 3/2 ∼ F φ , is the only new parameter controlling the contributions to soft parameters. These are given by
with β i , γ i the beta functions for the couplings and anomalous dimensions of the fields, respectively. A nice feature of pure anomaly mediation of SUSY breaking (AMSB) is that the above equations hold at all scales. This results in an highly predictive scenario, since all soft masses can be computed in terms of the gravitino mass and the low-energy parameters of the theory. This high predictive power, however, turns against the standard AMSB since the contributions to soft masses squared for the first two slepton families turn out to be negative. This tachyonic slepton problem is a phenomenological disaster, as it would destabilize the U(1) em invariant vacuum. The µ-b µ problem is also present in AMSB. A pure µ term is strictly forbidden in the exact SUGRA theory since it would explicitly break the Weyl invariance. Introducing it in the superpotential generates also a hierarchy b µ /µ = m 3/2 , which is again too large.
As can be seen, none of the different mechanisms of supersymmetry breaking are completely satisfactory by themselves. Of course, it may also happen that not only one but several different mechanisms contribute at the same time. In particular, AMSB must be present as long as SUGRA is realized as an effective theory at some point. In this regard, several different scenarios have been proposed in order to solve the tachyonic slepton problem of anomaly mediation (see, for instance, [7, 8] ). One of the first attempts was to combine anomaly with gauge mediation of SUSY breaking (AGMSB) [7] . Indeed, since contributions to soft masses squared arise at the same order in the loop expansion it is possible to balance the AMSB tachyonic slepton masses with the positive GMSB contributions.
This combined scenario of SUSY breaking is free from tachyonic and flavor problems but still suffers from the µ-b µ problem. As in each separate model, this can be addressed within the Next-to Minimal Supersymmetric Standard Model (NMSSM). Because of the existence of a discreet Z 3 symmetry, broken only at the weak scale, in the NMSSM the µ term is only generated effectively through the vev of a new gauge singlet S with superpotential interactions
The effective b µ term is given by b
Eff µ = a λ S + λκ S 2 , with a λ the Higgs-singlet trilinear soft coupling in the soft scalar potential. Thus,
2 +κ S , solving the problem. The question is whether we can achieve EWSB in this scenario or not, and if the resulting spectrum is phenomenologically viable. EWSB in general requires a large vev for the singlet. This needs of a negative m 2 S and/or large a terms for the singlet superpotential interactions, a λ and a κ . It is well known that these are not possible in the NMSSM with the standard GMSB [9] or AMSB [10] . In the gauge-mediation side this is so because S has no gauge quantum numbers and a terms are typically very suppressed. On the other hand, AMSB always predicts a positive value for m 2 S . In this case, a λ and a κ can be sizable, but only if λ and κ are also large. Such large values, however, would induce a larger m 2 S , suppressing the singlet vev. Following [11, 12, 13] one can add extra superpotential interactions between the singlet fields and n = 2 (or in general an even number) pairs of messengers, to help in attaining EWSB:
As discussed in [12] , this kind of interactions allows to obtain a realistic EWSB in the gauge mediated NMSSM. The absence in [12] of direct contributions to the trilinear soft term associated to the top Yukawa coupling, however, results naturally in relatively small values of the stop mixing. This forces to push the messenger and the effective SUSY breaking scales (M and F/M, respectively) up, in order to lift the lightest CPeven Higgs mass, m H 1 , above the LEP 2 bound. Otherwise, the model has an extra fine tuning, living in tiny regions of the parameter space. Thus, that implementation disfavors a relatively light spectrum. In this paper we address the problem for the AGMSB scenario. Since AMSB provides sizable (one-loop) contributions to a terms, one would expect that singlet deflection of this joint scenario should naturally allow for a lighter spectrum.
1 As we will show, however, extra phenomenological constraints not applying in the gauge-mediation case have to be taken into account here. These impose significant restrictions on the size of the anomaly mediation contributions to soft terms.
In the next section we quickly review the theoretical aspects of the model. In section 3 we present our phenomenological results. These are obtained from a scan over the parameter space looking for the regions where EWSB is possible. We compare with the gauge-mediation scenario and explain the difficulties of the combined model. We discuss the resulting spectrum in turn. Finally we summarize in the conclusions.
The model
The superpotential of the model can be split in two pieces, W = W NMSSM + W mess . The NMSSM part, W NMSSM , contains the standard superpotential interactions:
For the messenger sector we consider n = 2 pairs of fields (Φ i ,Φ i ) in the (5,5) of SU (5). We assume they only couple to the (non-dynamical) spurion field X and to the NMSSM gauge singlet S,
In Eq. (9) 
denote the corresponding SU(2) L doublet and SU(3) c triplet components of the messenger fields, respectively.
As shown in [12] the above superpotential can by explained by extending the discrete Z 3 symmetry of the NMSSM with
On the other hand, the two messengers are required in order to avoid kinetic mixing between X and S, which could destabilize the weak scale. Note that there are other interactions that are still allowed by the symmetries of the problem (see [13] for a description of such terms) but, compared to [13] , the form of W mess is preserved by the non-renormalization theorem.
SUSY breaking is parametrized by the the vevs of both, the conformal compensator field φ = 1 + m 3/2 θ 2 and the spurion X = M + F θ 2 , which give rise to the anomaly and gauge mediation contributions, respectively. As usual in AMSB, potentially dangerous sources of flavor violation coming from contact terms of the form
i ϕ j can be suppressed assuming sequestering in an extra dimensional scenario. In that case, the locality in the extra dimensions can result in an exponential suppression of the gravity mediation contributions [3, 14] .
Above the messenger mass scale all the soft parameters adjust to the AMSB renormalization group (RG) trajectory in Eq. (5), with the β i and γ i functions computed in the theory including the messenger fields. Below the messenger mass threshold, after integrating the messenger fields out, the soft terms are corrected by the singletdeflected gauge-mediation contributions and then deviate from the AMSB form. This fixes the values for the boundary conditions at Q = M, that then have to be evolved using the NMSSM RG equations.
The gaugino masses at Q = M are given by the AGMSB expression. At one loop,
where b a = ( 43 5 , 3, −1) and we have used n = 2 messengers. The expressions for the scalar soft masses squared are rather more involved. 
The corresponding expressions for the first two generations of sfermions can be obtained by taking all the Yukawa couplings to zero in (11) . Neglecting RG effects, requiring that the light sfermion families are not tachyonic would translate into the following rough relation between the SUSY breaking scales: F/M 2m 3/2 .
In addition to the AGMSB contributions, the soft masses for the Higgses and the scalar singlet S receive extra terms from the singlet-messenger interactions in (9): 
Note that, because of the extra ξ D,T contributions in the β functions, the AMSB prediction needs not be always positive and, in particular, can become negative for small values of λ, κ and not too large values of ξ D,T . Finally, the contributions to a terms are dominated by anomaly mediation and the ξ D,T terms, which enter at the one-loop level:
As in [12] the ξ D,T contributions, complemented in this case with those of anomaly mediation, can provide large enough contributions to a λ and a κ , as required by EWSB. On the other hand, the pure anomaly-mediation contribution to a t could help in attaining in a natural way a sizable stop mixing (and then a large m H 1 ) without relying on too large values of F/M or a large RG running. Since the a t contribution is proportional to the y t beta function, this requires not only a large gravitino mass but also the messenger mass scale to be away from top Yukawa quasi-fixed point, for which β yt ≈ 0.
Phenomenological results
We have studied EWSB for this model, performing a scan over the whole parameter space. We follow the same scan procedure in [13] and refer to that reference and [12] for details. In short, we have to evolve all the input parameters (the SM and the new parameters) from the scales where they are defined up to the messenger mass scale. There we can use Eqs. (10)- (13) to compute the values of the boundary conditions. These must then be evolved down to the scale where EWSB takes place by using the corresponding NMSSM RG equations (see for instance [15] ). We choose to minimize the scalar potential at a scale given by the geometric average of the stop masses,
This minimizes the form of the leading O (y 4 t ) corrections to the scalar potential. After using all the SM input parameters, as well as the constraints provided by requiring the existence of the electroweak vacuum, there are a total of six free parameters. These are the scales M, F/M, the gravitino mass m 3/2 and the superpotential couplings λ, ξ D and ξ T . We can remove another parameter by assuming that ξ D,T unify at a common value ξ U at the grand unification scale 2 , which is determined requiring g 1 (M GUT ) = g 2 (M GUT ). After finding a point where the electroweak minimum is a global minimum of the scalar potential we compute the spectrum, and request that it pass the same experimental constraints described in [13] . In this case, to implement the LEP constraints on the Higgs masses we use the package NMHDECAY [16] . For the predictions of the Higgs sector masses we consider the leading one and two-loop corrections, as in [13] .
From the results of the scan we find
for the gauge and anomaly mediation SUSY breaking scales, respectively. As we explain below, however, large values of m 3/2 are disfavored. In general, points with m 3/2 ≫ 30 TeV are difficult to obtain in the scan, and thus may not be considered as natural solutions.
2 The corresponding β functions for the region between the messenger and the GUT scales can be found in the Appendix A of [12] .
3 As in [13] we are mainly interested in low scale SUSY breaking scenarios that could be eventually tested at the LHC. Therefore, we restrict the scan to values of F/M ≤ 175 TeV. This is also the upper bound considered for the gravitino mass. The messenger mass scale runs from 10 4 to 10 11 TeV.
The allowed regions in the λ(M match )-ξ U plane are shown in Fig. 1 . We distinguish the points corresponding to different ranges of values for F/M (upper-left panel), M (upper-right panel), and m 3/2 (lower panel). As pointed out above, the most noticeable thing at first glance is that not too large values of the gravitino mass seem to be accepted in the scan. Thus, the shape and size of the allowed regions are very similar to those in [12] , where AMSB was not included. At any rate, despite only a small deflection from anomaly mediation seems to be allowed, this suffices to change the phenomenological implications of the model. Note that, small values of m 3/2 diminish the potential of this model to avoid the fine tuning problem of [12] for low SUSY breaking and messenger mass scales.
The reason for m 3/2 being small is that, for large values, in general only points where the right-handed (RH) stau is the lightest supersymmetric particle (LSP) are found. This follows from the fact that a sizable m 3/2 implies not only lighter sleptons, but also heavier Binos and Winos compared to the gauge-mediation scenario. Thus, even if for large m 3/2 the gauge-mediation contributions manage to lift the tachyonic slepton masses above current bounds, the lightest neutralino tends to be heavier than the lightest stau, which is then the LSP. Such a heavy charged particle being stable would be in trouble with cosmological constraints. Therefore, although such points satisfy all the particle collider bounds, they are rejected in the scan. If we restrict to the requirement of EWSB and that the spectrum passes all present collider limits, significantly larger regions and values of m 3/2 would be allowed. Such regions are delimited by the solid line in Fig. 1 . In that case we find values of the gravitino mass distributed along the entire scan range,
Actually, in this case we can even obtain regions with F/M < m 3/2 , where RG evolution effects down to M match help in lifting the negative slepton masses squared. It is important to emphasize that these would be valid regions provided we introduce small sources of R-parity violation allowing the RH sleptons to decay, e.g.
Even if we allow a stau LSP, relatively large values of the gravitino mass, and then large AMSB contributions, are constrained to the left region in Fig. 1 . While, the lower-right region with large values of ξ U is populated only for m 3/2 20 TeV. Indeed, as stressed in [12] , in that region the singlet soft mass squared m 2 S tends to be positive, and generating a large singlet vev is only possible through a large value of a κ . Both F/M and m 3/2 contributions give a negative a κ , and can provide large values for a large ξ U and sizable κ (see Eq. (13) Finally, as stressed above, it is apparent that the R-parity conserving scenario, allowing only for a small anomaly contribution, does not help in increasing the size of the allowed regions for low values of F/M and M, compared to [12] . Some improvement is possible if we consider the extended regions with a stau LSP. At any rate, we find that, compared to [13] , the allowed regions in this model are somewhat smaller.
We now move to describe the general features of the spectrum. We have checked that in most of the parameter space the heavy Higgs bosons are essentially decoupled, so the lightest CP-even Higgs boson, H 1 , is SM-like and must be heavier than the LEP 2 bound of 114 GeV [17] . The exception is the small region at the lower-left corner 
although large values, tan β 10, only occur in small regions (near the origin and the lower-right corner in Fig. 1 ).
As in [12, 13] the singlet-messenger interactions do not alter significantly the spectrum of gaugino and sfermion masses. These can be, however, noticeably different than in the gauge-mediation scenario because of the anomaly contributions. As already noted above, since each mechanism has a different preference for the lightest gaugino, both Bino and Wino turn to be heavier than in the corresponding single scenarios. On the other hand, because of the negative sign of the β function for g 3 , the anomaly contribution lowers the gluino mass compared to gauge mediation. For large values of m 3/2 , not too far from F/M, the gluino can be actually the lightest gaugino. This is illustrated in Fig. 2 , left panel, where we show the values that the different gaugino mass ratios can take depending on the difference |F/M − m 3/2 |. The plot corresponds to the R-parity conserving case, where in general only the splittings are affected. Still, this leads to a more compressed spectrum which might be challenging at the LHC. Likewise, the ordering in the sfermion masses is essentially gauge mediation like, with anomaly-deflected splittings. The third family of sfermion masses are shown in Fig. 2 , right panel. As can be observed, for instance, the lightest stop mass can be significantly below the TeV, as opposed to [12] .
Of course, another difference with respect to gauge mediation is that now the gravitino is heavier and it is no longer the LSP in general. This rôle corresponds to the lightest neutralino or, if m 3/2 is large enough, to the lightest sfermion: the RH stau.
The preference for F/M > m 3/2 also explains that in this model the lightest neutralino can be mostly Bino but not mostly Wino. Note also that, being both electroweak gauginos heavier than in each single scenario, a large Higgsino component can be present without requiring a too small µ Eff (O (1 TeV)). Thus, the lightest neutralino is in general an admixture of Bino, Wino and Higgsinos. Sizable components of the last two, however, are restricted to the R-parity violating case. Finally, near the origin in the lower-left region in Fig. 1 , where the singlino can be very light, the lightest neutralino can be mostly singlino.
Conclusions
Following previous works [12, 13] , in this paper we have studied a NMSSM-like scenario where supersymmetry is broken by soft terms induced by gauge mediation and extra singlet-messenger superpotential interactions. These are further deflected by contributions from anomaly mediation. While the gauge-mediation contributions lift the AMSB tachyonic sfermion masses, the singlet-messenger interactions allow for a realistic EWSB. The resulting scenario is free of the µ-b µ problem.
We have explored the parameter space of the model and found large regions where EWSB and a phenomenologically realistic spectrum are possible. For the model to work, the GMSB scale is in general required to be larger than the AMSB one, the gravitino mass. If we consider an R-parity conserving scenario the gravitino mass is actually restricted to take relatively small values, m 3/2 30 TeV, due to cosmological constraints. Otherwise, for large values of m 3/2 we would end, in general, with a model with an stable charged LSP. Therefore, being m 3/2 small, the parameter space of this model is not much different than the corresponding gauge-mediation scenario. The same applies for the spectrum, which due to the anomaly contributions would be characterized by lighter sleptons, heavier squarks and a more compressed gaugino sector compared to gauge mediation.
Small R-parity violating terms would help to enhance the differences between AGMSB and GMSB. Indeed, they allow to sidestep the cosmological problems, and thus to increase significantly the range of natural values for m 3/2 . In particular, the size of the effects can modify the gauge-mediation gaugino mass order, which is not easy to attain in the R-parity conserving case. Including such terms also results in a larger size of the allowed regions in the parameter space, as shown in Fig. 1 . This would ameliorate the extra fine tuning problem found in the gauge-mediation case for low values of F/M and M. At any rate, a large deflection from AMSB effects is possible only for not too large values of λ and ξ U .
